Abstract Due to the inherently flexible nature of a protein-protein interaction surface, it is difficult both to inhibit the association with a small molecule, and to predict how it might bind to the surface. In this study, we have examined small molecules that mediate the interaction between a WWI motif on the C-helix of HIV-1 glycoprotein-41 (gp41) and a deep hydrophobic pocket contained in the interior N-helical trimer. Association between these two components of gp41 leads to virus-cell and cell-cell fusion, which could be abrogated in the presence of an inhibitor that binds tightly in the pocket. We have studied a comprehensive combinatorial library of a-helical peptidomimetics, and found that compounds with strongly hydrophobic side chains had the highest affinity. Computational docking studies produced multiple possible binding modes due to the flexibility of both the binding site and the peptidomimetic compounds. We applied a transferred paramagnetic relaxation enhancement experiment to two selected members of the library, and showed that addition of a few experimental constraints enabled definitive identification of unique binding poses. Computational docking results were extremely sensitive to side chain conformations, and slight variations could preclude observation of the experimentally validated poses. Different receptor structures were required for docking simulations to sample the correct pose for the two compounds. The study demonstrated the sensitivity of predicted poses to receptor structure and indicated the importance of experimental verification when docking to a malleable protein-protein interaction surface.
Introduction
Mediation of protein-protein interactions is important in current drug discovery, due to their ubiquitous involvement in cellular mechanisms, for example in signaling pathways and viral interactions [1] . Inhibiting protein-protein interactions with small molecules requires the identification of druggable targets or ''hotspots'' along the interaction surface. Computational modeling, often used to guide rational drug design, is complicated by the conformational flexibility of these sites. Furthermore, protein-protein interaction inhibitors are often larger than typical enzyme inhibitors, with more degrees of freedom, and can adopt a large number of conformations in the simulations.
An example is the structure of a hydrophobic pocket in HIV-1 glycoprotein-41 (gp41) that has been the target of low molecular weight fusion inhibitors [2] [3] [4] [5] . The pocket is located in the gp41 N-heptad repeat (NHR) trimeric coiled coil (residues 565-581, uniprot entry P04578) and is occupied by C-heptad repeat (CHR) helices (residues 628-635) during the gp41 conformational transition that accompanies fusion [6] . There are over 50 structures that include this pocket in the protein data bank (PDB), and they display a wide variety of side chain conformations depending on the composition of the complexes [7] and even crystal space group [3, 5] . The result is significant variation in shape and electrostatics of the pocket, limiting the accuracy of computational predictions. Crystal structures of gp41-ligand complexes have not been obtained, due to their low solubility and obstructed binding sites in the crystal packing of NHR trimers. Studies of low molecular weight fusion inhibitors have relied on computational models of binding [8] [9] [10] [11] . In many cases, the ligand was predicted to have a hydrogen bond or electrostatic interaction between a carboxylate group and the pocket lysine-574, similar to the salt bridge predicted for the intrinsic C-peptide at this location [12, 13] .
In this study, we have investigated the binding of peptidomimetic compounds in the hydrophobic pocket of gp41, using AutoDock-Vina to simulate docked conformations, and introducing experimental data on binding and ligand conformation in order to guide the docking results. The purpose of the study was to see whether a handful of experimental constraints enabled discrimination between the computational poses. It has proved feasible to obtain a few distance constraints on ligands in fast exchange, through the use of the transferred paramagnetic relaxation effect (PRE) [14] . We have studied two small ligands, each with two rotatable bonds, by a method in which a spinlabeled CHR probe peptide binding adjacent to the hydrophobic pocket on the NHR provided distance constraints which aided in elucidating the bound conformation [15, 16] . The NHR was represented by the coiled coil mimetic structure Fe(env5.0) 3 , one of several constructs designed to investigate small molecule binding to gp41 [17] [18] [19] [20] [21] [22] . The compounds selected for the PRE study are members of a peptidomimetic library designed with an aryl alkoxy-amino acid template and containing all possible combinations of the 20 natural amino acid side chains or related derivatives. These are a promising class of compounds for mediating a-helical protein-protein interactions, including gp41 [23, 24] . We have examined the library to determine the optimal side chain combinations for binding in the gp41 hydrophobic pocket, and to study the binding mode. The most potent compounds bind to gp41 and inhibit HIV-1 fusion with low lM potency. As expected, computational docking studies in various receptor structures revealed multiple possible binding modes for the compounds. We carried out PRE studies on two compounds with mid-lM potency that were in fast exchange, with the idea that results obtained might be extrapolated to the larger library. In particular, the ability to designate a particular receptor structure that was validated by experiment could help to narrow down possible poses of other members of the library. Furthermore the study enabled us to extend the application of the transferred PRE method to larger ligands having 5-6 degrees of freedom.
Methods

Materials and library construction
The library of 400 individual compounds was prepared as detailed [23] following protocols previously disclosed [25] [26] [27] [28] . Peptides representing the NHR (Fe(env5.0) 3 ), Fe(env2.0) 3 and CHR (C29-e5.0, C18-e2.0) were synthesized and used as previously described [16] . MTSL (S-(2,2, 5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) (Toronto Research Chemicals) was attached using a standard procedure at the N-terminal cysteine of C29-e5.0. Fluorescein was similarly attached at the C-terminal cysteine of C18-e2.0.
Binding studies
A single point screen of the 400-member peptidomimetic library was conducted with a competitive inhibition fluorescence assay for hydrophobic pocket binding [19] . Briefly, the fluorescence intensity in a mixture of 7 lM Fe(env2.0) 3 binding sites and 50nM fluorescein-labeled C-peptide C18-e2.0 (C18-e2.0FL) was measured in duplicate in 4 % DMSO in the presence or absence of 40 lM compounds. Fluorescence values, which are directly related to the binding affinity of the compounds, were measured relative to control measurements containing no Fe(env2.0) 3 . The K I 's of some of the most potent compounds were obtained by dose response measurements. The two compounds selected for NMR analysis were tested against the receptor Fe(env2.0 K574Nle ) 3 , in which the lysine at position 574 (HXB2 numbering) was replaced with norleucine.
Cell-cell fusion and cytotoxicity testing Cell-cell fusion was measured following a published procedure [29] , and using cell lines obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH. TZM-bl cells (#8129, contributed by J. C. Kappes, X. Wu and Tranzyme Inc.) expressing CD4, CCR5 and CXCR4, [30] and containing an integrated reporter gene for firefly luciferase under control of HIV-1 LTR [31] were used as target cells; HL2/3 (#1294, contributed by B. K. Felber and G. N. Pavlakis) which produce HXB2 Env, Tat and Rev [32] were used as effector cells. Briefly, TZM-bl cells were plated overnight in DMEM, then the medium exchanged with reduced serum medium, and HL2/3 effector cells added in the presence or absence of compounds, in a total final concentration of 1 % DMSO. The extent of fusion was measured after 6 h using Luciferase Assay Reagent (Promega). Cytotoxicity was assessed under similar conditions in a second assay using Cytotox Glo (Promega). NMR relaxation measurements were recorded on a Bruker Avance DMX 600 spectrometer equipped with a cryogenic probe. Transverse relaxation rates were determined from a CPMG experiment with presaturation to suppress the residual water peak [33] [34] [35] . The delay between 180°p ulses was 100 ls in order to suppress relaxation due to the J-coupling between geminal protons [36] . -Nap-OH were confirmed with a COSY spectrum [38] .
The transverse relaxation rate R 2obs is a weighted average of free and bound states as a function of fractional occupancy for a ligand in fast exchange. In the diamagnetic case:
Subscripts b and f refer to bound and free values respectively. f b is the fraction of bound ligand, calculated from the K D values 65 ± 10 lM and 30 ± 8 lM for O 2 N-[HoPhe]-Ala-OH and O 2 N-[Ala]-Nap-OH respectively. Equation (1) assumes negligible exchange broadening, although the exchange broadening term is proportional to f b to first order and could be included in Eq. (1) [15] . In paramagnetic samples, an additional contribution to R 2obs occurs when both ligand and paramagnetic C-peptide are bound to the receptor: [15, 16] 
0 is the fractional occupancy of labeled C-peptide, which has a K D = 3 ± 0.3 lM. R 2b para , the paramagnetic relaxation enhancement (PRE) of bound ligand protons, was obtained using the following procedure: Diamagnetic relaxation rates obtained by varying Fe(env5.0) 3 and C29-e5.0 concentrations in tandem over the range 2-12 lM were fit to a straight line as a function of f b (Eq. 1). The best-fit lines were then subtracted from the similarly obtained relaxation rates of the ligand in the paramagnetic samples and the resulting data fit to a straight line as a function of the product of f b and f b 0 (Eq. 2). The slope of the line is R 2b para . Errors in fitting the slopes of both diamagnetic and paramagnetic data were added to obtain the error in observed R 2b para . In addition, the calculations were repeated using the maximum and minimum K D for both ligands and probe peptide and extracting the lowest and the highest PRE's obtained.
The PRE is proportional to the inverse sixth power of the distance between the unpaired electron on the MTSL spin-label and the proton in question according to the Solomon-Bloembergen equation: [39] 
K S is composed of nuclear and electronic constants [39] and has the value 1.23375 9 10 7 Å 6 ns -1 .
Computational procedures
Low energy solution conformations of O 2 N-[HoPhe]-Ala-OH and O 2 N-[Ala]-Nap-OH were obtained from a SMILES string using Omega2 and Szybki (OpenEye Inc.), and docked into the hydrophobic pocket of 3p7k, 2r5d, 2r5b and 2kp8 using AutoDock-Vina [40] . Docked structures were minimized in XPLOR-NIH to obtain a low energy structure, by sequential variation of protein side chain, then ligand, and then protein side chain positions, holding backbone atoms fixed. C29-e5.0 with an N-terminal MTSLlabeled cysteine was docked into 3p7k, 2r5d and 2r5b, which are all structures that do not contain a C-peptide, using homology modeling from 1IF3 [41] . In 2kp8, the existing C-peptide starting at T640 [42] was extended by two residues in the N-terminal direction in order to include all residues of C29-e5.0 (Fig. 5 , Figure S2 ). The MTSL side chain was defined in the XPLOR-NIH protein topology and parameter files. Topology and parameter files for O 2 N-[HoPhe]-Ala-OH and O 2 N-[Ala]-Nap-OH were determined using xplo2d [43] , and modified to conform to AutoDock charges. Ligand poses were analyzed with the NMR data, using PRE constraints interpreted as distances by the Solomon-Bloembergen equation [39] at various correlation times s c [44] . Based on previous results [16] , we used one and three conformer representations of the MTSL side chain for evaluation of docked conformations, and a one conformer representation for PRE-based minimization. Final poses discussed in the text were evaluated using s c = 12 ns [16] . Agreement between observed and calculated PRE was measured using the Q-factor defined by Iwahara et al [45] .
Results and discussion
Binding studies of a 2-subunit peptidomimetic library revealed a strong propensity for aromatic substituents
We have recently investigated a 3-subunit a-helical peptidomimetic library [23] for gp41 hydrophobic pocket binding and fusion inhibition, and discovered a requirement for aromatic side chains at a minimum of two of the three subunit positions [24] . In that study, we alluded to the binding characteristics of the two-subunit precursor library Figure S1 ). The relative affinities of the 400 compounds in this library for the gp41 hydrophobic pocket were determined from a competitive inhibition fluorescence intensity assay, which measures displacement of a fluorescent peptide probe C18-e2.0FL from a metallopeptide receptor Fe(env2.0) 3 mimicking the gp41 hydrophobic pocket [17, 19] . Increased fluorescence intensity is correlated to higher binding affinity. The results are shown in Fig. 1 as a function of aryl-alkoxy and amino acid side chain substituents. There was a clear propensity for aromatic substituents at both positions on the scaffold, most notably Nap or Trp containing molecules. Several high affinity compounds were analyzed further by dose response binding (K I ) and cell-cell fusion (IC 50 ) inhibition titrations. A low lM K I (1-6 lM) and mid-to low-lM IC 50 (5-20 lM) for fusion was observed for most compounds ( Table 1) . Potency of three-subunit compounds was not markedly increased above that of the two-subunit compounds [24] .
Computational modeling did not reveal a unique binding pose
The binding data indicated an important role for aromatic side chain interactions in the pocket, suggesting that the compounds could be mimicking the conformation of the W-W side chains of the intrinsic C-peptide by extending into the pocket [46] [47] [48] . Peptidomimetic compounds were docked into the hydrophobic pockets of four PDB structures of the gp41 NHR: 3p7k, a crystal structure of apogp41 formed from three 45-residue N-peptides [49] , 2r5d and 2r5b, crystal structures of IQN17 bound to a D-peptide PIE7 [3] , and 2kp8, an NMR-based structure of a truncated helical hairpin with a small molecule [42] . RMS deviations in side chains of pocket residues between these structures averaged around 3 Å (residues 565-581, HXB2 numbering), while backbone atoms deviated by B0.84 Å (Supplementary data Figure S2 ). Several of the docked poses were compact structures with stacked aromatic rings projecting into the pocket, but there were also poses in which the rings were splayed across the binding site, and they included different orientations of the N-and C-termini of There was no significant energetic contribution from an interaction with the side chain amino group of lysine-574
The hydrophobic pocket is spanned by residues 565-581 from two parallel NHR helices, and includes several residues which contribute polar interactions around the edge of the pocket. One of these is lysine-574, which is believed to form a salt bridge with the apposing C-peptide [13] . Binding studies were conducted using a receptor in which lysine-574 was substituted with norleucine. This removed the terminal NH 3 ? group while retaining the hydrophobic properties of the aliphatic chain. This substitution failed to increase the binding constant of the peptide probe C18-e2.0FL, and also caused no discernable change in the inhibition constants of O 2 N-[HoPhe]-Ala-OH and O 2 N-[Ala]-Nap-OH. It therefore appears that a hydrogen bond or salt bridge with lysine-574 does not play a key role in stabilizing receptor-ligand or receptor-peptide complexes.
NMR PRE provided constraints on compound orientation
The 1D NMR spectrum of O 2 N-[HoPhe]-Ala-OH is shown in Fig. 4 , together with relaxation changes that occurred in the presence of coiled coil receptor Fe(env5.0) 3 and either labeled or unlabeled C-peptide C29-e5.0. The label used was MTSL, coupled through an N-terminal cysteine. C29- (Fig. 5) [15] . The effect of the unpaired electrons on MTSL was to broaden (Fig. 4B) 2)]. The slope of the line gave R 2b para which is related to distance from the spin label according to Eqs. (3) and (4) . Errors in R 2b para resulted from the uncertainty in K D 's and from line fitting of the diamagnetic and paramagnetic data. Errors were incorporated into the observed R 2b para by repeating the calculation using ligand and probe peptide K D 's at the extremes of their error range, and adding the sum of the errors of the best fit lines in paramagnetic and diamagnetic data to obtain the maximum range of R 2b para . Constraints on the ortho and meta protons of the HoPhe phenyl ring were absent due to severe overlap of these protons, leaving 8 measured PRE's. A similar experiment was conducted for O 2 N-[Ala]-Nap-OH, for which the aromatic spectrum is shown in Fig. 6 . Due to significant overlap, only 5 proton transverse relaxation rates were measurable. The experimental data are reported in Tables 2  and 3 and in Fig. 7 . PRE ranges differed for the two compounds, which could be a result of an experimental error in protein concentration or K D or an indication of the variation of the PRE across the binding site (see below).
The lowest energy computationally docked structure of O 2 N-[HoPhe]-Ala-OH in 2r5d was confirmed by PRE-constrained minimization
The 9 complexes obtained using AutoDock-Vina on each of 4 receptor structures (i.e. Fig. 2 , Figure S3 -S5) were minimized to obtain low XPLOR energies. Relaxing the docked structures in this way typically resulted in sub-Å changes in ligand position, although for a few poses larger shifts were required to minimize intermolecular conflicts. The positional change of each ligand from the original docked pose is given in Table 4 . The PRE were introduced as distance constraints using the NOE square well function. 3,000 minimization steps were performed, permitting movement of MTSL and protein side chains, to determine if any of the computational poses fit the data directly.
None of the 36 structures agreed a priori with all 8 PRE constraints, with a minimum of two distance violations larger than 1 Å . The data are shown on the left-hand side of Table 4 , which provides the root mean square deviations in PRE and PRE-derived distances, and the PRE Q factors [45] for simulations in which the ligand was held fixed, and the protein side chains were allowed to move.
The structures were then subjected to restrained minimization with PRE-derived distance constraints while allowing ligand movement, to determine whether small adjustments of ligand position could accommodate the observed PRE. In order to validate the predictive ability of a particular receptor and docking protocol, weak harmonic constraints (0.2-0.8) were applied to protein side chains during the simulations and a tolerance of up to *1 Å in ligand positional shift was accepted as corroboration of the Table 4 shows the results of the XPLOR simulations in two of the receptors 2r5d and 3p7k. There were two structures that fit the data with minimal adjustment of ligand position (positional RMSD *1 Å or lower). They were the top ranked pose in 2r5d (pose #1) and the fourth ranked pose in 3p7k. Their statistics are given in Table 4 , and the data fitting and structures are illustrated in Figs. 8, 9 and 10. Pose #1 in 2r5d conformed after minimal positional adjustment (1.01 Å ) to the PREderived distance data, with minimal distortion of the MTSL labeled cysteine side chain (0.09 Å displacement of the cysteine thiol). 2r5d pose #1 also agreed with the final minimized pose #1 in 3p7k ( Fig. 8D; Table 4) , with a ligand positional RMSD of 1.267 between the two structures. Pose #1 in 3p7k is therefore included in Figs. 8D, 9 and 10, despite a relatively large positional shift (1.657 Å ) compared to the starting structure. Good agreement between calculated and experimental PRE's were observed for 2r5d pose #1 and 3p7k pose #1, with PRE Q factors of 0.06 and 0.08. Therefore both of these receptors represented an adequate model for docking the ligand, although 2r5d had a slightly closer starting pose. All other structures which fit the PRE data had a ligand positional RMSD change [1.7 Å and demonstrated a marked change in bound conformation compared to the original docked pose.
One additional pose has been included in Fig. 8D . This is a pose in 2r5d in which the benzamide dihedral angle was weakly constrained at 30°(force constant 10 kcal mol -1 rad -2 ) to explore the possibility that the preferred dihedral angle found in benzamides occurs in the bound ligand [50] . This structure (pose #1X) fit the data slightly better (PRE Q factor = 0.045) and had an RMSD of 1.203 Å from pose #1 in 2r5d. Therefore the possibly energetically more favorable conformation could be accommodated in this orientation, but our data does not provide enough discrimination to confirm this conformation, giving an idea of the limits of resolution of this method. No restraints on the nitro-aromatic dihedral angle were included in the calculations, and we have observed a tendency for XPLOR-NIH to favor conformations of the nitro group in which an electrostatic interaction with the nearby lysine-574 can prevail (Fig. 8A) .
In the minimized pose #1, the carboxylate group of the ligand pointed towards the C-terminus of the pocket, and the phenyl ring made strong contacts at the hydrophobic N-terminal end of the pocket, pointing down into the pocket. Putative hydrogen bonds could occur between the ligand carboxylate group and Gln575 0 or Gln577. In pose #1X the amide carbonyl could make a hydrogen bond with Gln 575 0 . The NO 2 group was also within hydrogen bonding range of Lys574 eNH, provided the lysine side chain was rotated around into the pocket. Experimentally this hydrogen bond was not indicated. In both starting and refined structures, the methyl group of the Ala subunit pointed away from the surface and the alkoxy-aryl group was buried in the pocket.
A second pose detected in 3p7k is a mirror image of pose #1 Figure 9 shows the fourth ranked pose in 3p7k, which also agreed with the PRE data. Interestingly, this pose is a mirror image of pose #1 and is permitted because there is no angular component to the PRE data. Flipping the alkoxy-aryl subunit and HoPhe side chain, when accompanied by a similar flip in MTSL, resulted in a structure with equivalent distances. This structure was found by AutoDock-Vina due to a channel along the edge of the pocket alongside the hydrophobic lysine side chain. Although this structure cannot be ruled out, it seems more likely that the hydrophobic phenylalanine ring would be buried into the pocket. Autodock-Vina docking is performed without solvent. (Table 5 ; Fig. 11 ). This discrimination was possible despite very few constraints, possibly because they sampled the positions of both substituents and the aryl group on the scaffold. XPLOR energy minimization prior to application of PREconstraints led to a pose 9 positional shift of 0.957 Å and a slightly improved fit to the PRE data. MTSL was represented by a three conformer model in these simulations, and a 1.1 Å average positional shift of the cysteine thiol was incurred during the data fitting. A key feature of the structure was the naphthalene ring intercalated deeply into the pocket. Interestingly, this pose was not found in 2r5d, despite its very similar structure. The differences between these two structures are at the C-terminal residues Q575 0 , Q575 and R579 0 , and they are sufficient to result in different sampled binding poses.
The effect of possible errors in protein concentration leading to the low observed PRE of O 2 N-[Ala]-Nap-OH was analyzed by repeating calculations assuming half the protein concentration, which would more than double the PRE values, and is a possibility if the 10 % DMSO used in this sample had an adverse effect on the protein. Assays have revealed no change in affinity of hydrophobic pocket binding up to 16 % DMSO [19] , suggesting that the integrity of the pocket structure is maintained. The same pose 9 was found to fit the data obtained at half protein concentration simply by a 2 Å movement of the MTSL group or by altering the s c used in the calculation. This insensitivity of the calculation to exact protein concentration, exact K D and precise knowledge of the correlation time is a result of the interplay between these factors ( Figure S7 ). s c and f b can be varied over a wide range to give the same distance. Therefore it is possible to fit the data equivalently with different values of s c and f b . Variation in either s c or f b alone causes concerted distance shifts for all protons which can be accommodated by small adjustments of the flexible MTSL. Furthermore, f b scales linearly with protein concentration over the error range of the measurement, due to the low amount of receptor Figure S8 ). However, there are various scaffold orientations that would permit this intercalation of aromatic subunits, limiting our ability to predict an exact structure. No dual aromatic compounds adopted the same conformation as O 2 N-[Ala]-Nap-OH, most likely because of steric clashes if alanine is replaced with a bulky aromatic side chain at that location.
Conclusions
In this study, we have evaluated a library of small peptidomimetic compounds designed to emulate a helix with side chains at i and i?4 positions for binding in the hydrophobic pocket of gp41. Binding was strongly correlated to the presence of aromatic side chains at both positions, and also correlated to activity in a cell-cell fusion assay. An NMR study using PRE constraints in docking simulations enabled experimental verification of the orientation of two mid-lM binding peptidomimetic compounds, O 2 N-[HoPhe]-Ala-OH and O 2 N-[Ala]-Nap-OH. Table 5 ). In each panel, a diagonal line is drawn through y = x These compounds have 6 and 5 rotatable bonds, respectively, and were defined by 8 and 5 PRE's. Despite the low number of constraints, a unique binding pose could be obtained in conjunction with Autodock-Vina simulations. The calculations were relatively insensitive to selected correlation time as well as exact K D and fraction bound, due to the flexibility of the MTSL group, which could accommodate these errors in the system. Out of four receptors tested, 2r5d and 2r5b gave a predicted pose that most closely matched the experimental data for Thus docking predictions cannot with certainty provide an accurate pose unless the receptor structure is definitively known, a requirement that is complicated by ligand-induced fits. Provision of even just a few experimental constraints significantly improved the value of the docking predictions. The technique used here is easily extended to the study of proteinprotein interactions in general, since a peptide that binds adjacent to a known hotspot in a receptor can typically be designed from a short segment of the protein binding partner. The method involves straightforward data collection, but complex data fitting. It is limited to the examination of poses that are obtained by computation, and it may be necessary to examine many receptor structures to find a solution. Poses that might agree with experiment but are not found in docking calculations are neglected, pointing to an important need for accuracy in docking algorithms. Compound modifications based on the verified poses and additional NMR experiments focusing on high affinity complexes may help in optimization of this compound class. 
